The NF2 gene product Merlin is a FERM-domain protein possessing a broad tumor-suppressing function. NF2/Merlin has been implicated in regulating multiple signaling pathways critical for cell growth and survival. However, it remains unknown whether NF2/Merlin regulates Wnt/β-catenin signaling during vertebrate embryogenesis. Here we demonstrate that NF2/Merlin is required for body pattern formation in the Xenopus laevis embryo. Depletion of the maternal NF2/Merlin enhances organizer gene expression dependent on the presence of β-catenin, and causes dorsanteriorized development; Morpholino antisense oligo-mediated knockdown of the zygotic NF2/Merlin shifts posterior genes anteriorwards and reduces the anterior development. We further demonstrate that targeted depletion of NF2 in the presumptive dorsal tissues increases the levels of nuclear β-catenin in the neural epithelial cells. Biochemical analyses reveal that NF2 depletion promotes the production of active β-catenin and concurrently decreases the level of N-terminally phosphorylated β-catenin under the stimulation of the endogenous Wnt signaling. Our findings suggest that NF2/Merlin negatively regulates the Wnt/β-catenin signaling activity during the pattern formation in early X. laevis embryos.
Introduction
Neurofibromatosis type 2 (NF2) is an autosomal dominant disorder characterized by the growth of benign tumors in the nervous system Petrilli and Fernandez-Valle, 2015) . The NF2 gene product Merlin is closely related to plasma membranecytoskeleton linkers in the FERM (4.1, ERM) family, but lacks a characteristic actin-binding motif conserved in other FERM domain proteins (Rouleau et al., 1993; Trofatter et al., 1993) . NF2 patients typically develop with schwannomas along the vestibular nerve that transfers information between the ear and the brain. In addition to causing benign tumors such as vestibular schwannomas, meningiomas, and ependymomas in the nervous system (Martuza and Eldridge, 1988; Rouleau et al., 1993; Trofatter et al., 1993; Twist et al., 1994) , deletion or loss of function mutation of NF2 has also been found in several malignant cancers including mesotheliomas, breast, colorectal, hepatic carcinoma and melanoma (Allison and Sledge, 2014; Benhamouche et al., 2010; Bianchi et al., 1994; Murray et al., 2012; Pineau et al., 2003; Sekido et al., 1995; Sjoblom et al., 2006) . Therefore, extensive efforts have been devoted to underpinning the molecular basis of NF2/Merlin tumor-suppressing function.
Studies in model organisms and in cell culture have indicated that the association of NF2/Merlin with the plasma membrane is essential for the control of cell movement, cell shape, cell-cell/cell-matrix communications, and tissue homeostasis (reviewed in Petrilli and Fernandez-Valle, 2015) . Recent progress has further implicated NF2/ Merlin in several mitogenic and/or antimitogenic pathways. For instances, NF2/Merlin has been demonstrated to be a crucial regulator of the Hippo anti-growth pathway at or near the plasma membrane (Yin et al., 2013) . NF2/Merlin also functions in the nucleus to inhibit the E3 ubiquitin ligase CRL4 DACF1 , which has been involved in promoting the expression of a range of promitogenic genes (Cooper et al., 2011; Li et al., 2014; Li et al., 2010) .
Wnt/β-catenin signaling is essential for pattern formation in development and homeostasis in adult (Clevers and Nusse, 2012; van Amerongen and Nusse, 2009 ). The Wnt family glycoproteins stimulate gene expression through stabilizing the cytosolic β-catenin, which is otherwise phosphorylated in its N-terminal sequence by a complex consisting of Gsk3β, CK1, Axin and APC followed by proteasomal degradation. Stabilized β-catenin binds to transcription factors in the TCF3/LEF1 family and activates gene expression. A plethora of intracellular and extracellular factors have been shown to regulate Wnt/β-catenin signaling in the development and tissue homeostasis control (Cruciat and Niehrs, 2013; MacDonald et al., 2009) . Previous studies using primary cells isolated from Nf2 −/− mice have shown that loss of NF2/Merlin reduces the associ-
The function of NF2 in early embryonic development has been previously studied in mice. Global knockout of NF2 causes embryonic death around implantation because of profound extraembryonic defects (McClatchey et al., 1997) . Knockout of both maternal and zygotic NF2 in mice results in loss of pluripotency of ICM (Cockburn et al., 2013) . However, little attention has been paid to the question of whether the NF2 loss results in a deregulation of Wnt/β-catenin signaling, in parallel to the observed abnormalities as reported in those studies. Xenopus laevis has been an established vertebrate model to dissect the control mechanisms of Wnt signaling pathway (Cha et al., 2008; He et al., 1995; Heasman et al., 2000; Sokol, 2015; Tao et al., 2005) . Notably, the maternal Wnt signaling is activated soon after fertilization to control the expression of a range of organizer specific genes that are required for the dorsanterior/head development (Blythe et al., 2010; Harland and Gerhart, 1997; Larabell et al., 1997; Yang et al., 2002) . After the mid-blastula stage, the zygotic Wnt signaling is activated in nonorganizer areas promoting ventral posterior development (Harland and Gerhart, 1997) . Therefore, the normal dorsanterior development requires the Wnt signaling to be activated or inhibited in a developmental time-dependent manner. By exploiting these features, a panel of Wnt signaling modulators has been initially identified in Xenopus. In addition, Xenopus oocytes can be cultured in vitro and fertilized through host transfer techniques, allowing one to readily deplete maternal genes of interest through injecting antisense oligo-deoxynucleotide (ODN) into full-grown oocytes (Hulstrand et al., 2010) . By contrast, injection of morpholino-modified antisense oligos can specifically deplete a zygotic gene (Heasman et al., 2000) .
In this report, we investigate the function of both maternal and zygotic NF2 in X. laevis. Our findings indicate that NF2 is a negative regulator of Wnt/β-catenin signaling during the axial pattern formation in Xenopus.
Results

NF2 is both maternally and zygotically expressed in early Xenopus embryos
To study the function of NF2/Merlin during the early X. laevis development, we examined the expression pattern of Xenopus NF2/Merlin (For simplicity, NF2 will be used throughout hereafter). qPCR analysis revealed that nf2 was both maternally and zygotically expressed (Fig. 1A) . Whole-mount in situ hybridization indicated that maternal nf2 mRNA was mainly expressed in the animal half of cleaving embryos (Fig. 1B) . This pattern remained during the blastula and gastrula stages ( Fig. 1C and C′) . By the open neural plate stages, nf2 mRNA was faintly detected in the forming central nervous system (Fig. 1C) . In embryos at the tailbud stage, nf2 was found to be concentrated in anterior parts of the central nervous system (Fig. 1D) . These data together reveal that NF2 is expressed throughout the early Xenopus development and is enriched in the central nervous system. Note that there is only one allele of nf2 gene present in Xenopus genome, according to the current genome annotation (Xenbase genome annotation v7.2, www.xenbase. org).
Depletion of maternal NF2 causes dorsanteriorized development
Genetic analysis in mice has revealed that the maternal NF2 is critically required for the establishment of inner cell mass (Cockburn et al., 2013) . To determine whether the maternal NF2 is necessary for the early Xenopus development, we employed the antisense oligodeoxynucleotide (ODN)-targeted depletion of the maternal nf2 mRNA and fertilized the NF2-depleted oocytes through host transfer techniques (Hulstrand et al., 2010) . Because the genome of oocytes arrested at meiosis I (stage VI) is transcriptionally quiescent, the efficiency of antisense ODN-mediated maternal mRNA depletion can be readily assessed through RT-PCR analysis (Olson et al., 2012 ). We microinjected an antisense ODN (designated AS4m) specifically targeting the coding region of Xenopus nf2 mRNA into the stage VI oocytes, and cultured the water-injected control and AS4m-injected oocytes for 12 h followed by RT-PCR analysis. We found that AS4m injection depleted the maternal nf2 mRNA in a dose dependent manner ( Fig. 2A) . Injection of 2-3 ng AS4m could reduce the maternal nf2 mRNA to below 50% of that in water-injected control oocytes ( Fig. 2A) . To obtain maternal NF2-depleted embryos, water-or AS4m-injected oocytes were stimulated to resume meiosis by the addition of progesterone into the culture medium, and stained with vital dyes (Bismarck brown, Nile blue, and neural red). The colored meiosis II-arrested oocytes were then injected into the body cavity of an anethesized egg-laying female (Hulstrand et al., 2010; Olson et al., 2012) . After the host female recovered from the surgery, conventional artificial fertilization techniques were then applied to collect the transferred embryos that were labeled with vital dyes.
We firstly recorded the phenotypic effects of AS4m-mediated depletion of the maternal nf2 and observed that embryos injected with 1-2 ng AS4m developed with a protruding notochord and/or a circularly neutralized head by the early tailbud stage (Fig. 2B) , indicating that the maternal NF2 is required for normal dorsanterior development. The dorsanteriorization from AS4m injection was scored using the dorsal anterior index (DAI) (Kao and Elinson, 1988) . Injection of AS4m increased the DAI in a dose dependent manner (Fig. 2C ). The dorsanteriorized development from the maternal NF2 depletion is consistent with a notion that the maternal NF2 is required for repressing organizer genes. We tested this hypothesis through examining the expression of organizer genes in control and AS4m-injected (1.5 ng per embryo) at the early gastrula stage. Whole mount in situ hybridization revealed that the expression of organizer-specific genes Xnr3 (nodal3), gsc and chrd were upregulated by the maternal NF2 depletion (Fig. 2D) , indicating that the maternal NF2 is a negative regulator of organizer gene expression. The maternal Wnt/β-catenin signaling is critically required for the organizer gene expression (Heasman et al., 2000; Tao et al., 2005) . To test whether β-catenin is required for the upregulation of the organizer genes in the maternal NF2-depleted embryos, we microinjected a previously characterized β-catenin MO (Heasman et al., 2000) into the control and AS4m-injected embryos at the 1-cell stage and analyzed the organizer gene expression at the early gastrula stage through qPCR (Fig. 2E) . We found that β-catenin MO injection blocked the activation of the expression of organizer specific genes in both control and the maternal NF2-depleted embryos (Fig. 2E) , confirming that β-catenin is required for the upregulation of the organizer genes in the maternal NF2-depleted embryos.
To address the specificity of the antisense ODN, we performed rescue experiments. To do this, we firstly verified that microinjection of the synthetic nf2 mRNA in a dose range of 100-500 pg per embryo did not cause observable developmental defects (not shown). We then microinjected 200 pg nf2 mRNA into the oocytes 48 h after the injection of AS4m ODN in the consideration that the half-live of ODNs in the oocytes has been demonstrated to be shorter than 4-8 h. All relevant groups of oocytes were then fertilized through the host transfer techniques. Following this injection scheme, we observed that the dorsanterior axis formation in the embryos injected with AS4m (1.0 ng per embryo) was partially rescued by supplementing the synthetic nf2 mRNA (Fig. 2F) . qPCR analysis also verified that the expression of organizer genes in the AS4m-injected embryos was also partially restored (Fig. 2G) . These data together suggest that maternal NF2 is specifically required for the normal dorsanterior axis formation.
Zygotic NF2 is required for anterior development
We observed an uneven expression of the zygotic nf2 mRNA along the anterior posterior axis during the neurula stages and tailbud stages ( Fig. 1D and E) , implying that the zygotic NF2 might be required for the AP pattern formation. To test this possibility, we analyzed the effects of the zygotic NF2 depletion through MO-mediated knockdown. To this end, we designed two MOs to block the translation of X. laevis nf2 mRNA. NF2 MO1 recognizes the sequences spanning the start codon; MO2 targets a part of 5'UTR adjacent to the start codon of X. laevis nf2 mRNA (Fig. 3A) . To verify the efficacy of these MOs, we microinjected 40 ng MO1, MO2, or a standard control MO (labeled as cMO) into both cells at the 2-cell stage and analyze the expression of the endogenous NF2 through western blotting at the later stages. We observed that the NF2 protein was noticeably reduced by MO1 and MO2 to about 50% of the level in the cMO injected embryos at the mid-gastrula stage. A greater depletion of the NF2 protein was achieved during neurula stages (Fig. 3B) , suggesting that NF2 MOs can efficiently knockdown the zygotic NF2.
To specifically deplete the zygotic NF2 in the prospective dorsal tissues, we microinjected NF2 MO1 or MO2 together with RLDx (Rhodamine Lysinated Dextran) as a lineage tracer into the 2 dorsal animal cells at the 8-cell stage. By stage 40, NF2 MO1 or MO2-injected embryos exhibited a moderate but discernable reduction of the head development with delayed eye formation (Fig. 3C , red arrows point the eyes). Injection of both MO1 and MO2 together caused a more severe reduction in the anterior development (Fig. 3C) , indicating the zygotic NF2 is necessary for the AP pattern formation in early Xenopus embryos. Injection of cMO in the same manner did not cause discernable defects on the body plan formation. In addition, that two MOs targeting different sequences of nf2 resulted in similar phenotypes indicates the reduced anterior development from NF2 MO1 or MO2 injection was unlikely due to the toxic effects of morpholino antisense oligos. To further demonstrate that the zygotic NF2 is involved in the AP pattern formation, we examined the expression of several genes that are indicative of AP pattern formation in the developing central nervous system. We observed that the expression of six3, a marker gene of forebrain and neural retina, was more restricted in the midline area in the NF2 morphant embryos (Fig. 3D) , consistent with the reduced head development and the delayed eye formation observed in the NF2 morphant embryos (Fig. 3C ). In the same NF2 morphant embryos, hoxb9, a marker gene of the spinal cord, was shifted more anteriorly along the AP axis (Fig. 3D) , indicating that depletion of the zygotic NF2 posteriorizes the central nervous system during the AP pattern formation. To additionally demonstrate the posteriorizing effects from the zygotic NF2 depletion, we performed a side-by-side comparison of the expression of rx (a neural retina marker), en2 (a midbrain-hindbrain boundary marker), and krox20 (a marker gene of hindbrain). As shown in Fig. 3E , the expression of krox20 and en2 was noticeably shifted anteriorly, and the expression of rx was reduced in the NF2 MO-injected side (Fig. 3E) . Reinjection of NF2 mRNA insensitive to MOs restored the expression patterns of these markers genes ( Fig. 3D  and F) , confirming the specificity of NF2 MOs. The restoration of NF2 protein expression after injection of MO-insensitive mRNA in the NF2 MOs-injected embryos was confirmed through western blotting analysis (Fig. 3G) . These data collectively indicate that the zygotic NF2 is required for antagonizing a posteriorizing signal(s) during the AP pattern formation in early Xenopus development.
NF2 negatively regulates the Wnt/β-catenin signaling
The present analyses have indicated that NF2 is crucial for the axial pattern formation in early Xenopus embryos. However the maternal NF2 and the zygotic NF2 seem to play opposite roles in determining the anterior development in Xenopus: depletion of the maternal NF2 enhanced; instead, depletion of the zygotic NF2 compromised the anterior development. We have shown that the increased expression of organizer genes by the maternal NF2 depletion depends on the presence of β-catenin (Fig. 2E) , supporting a notion that NF2 is a negative regulator of the Wnt/β-catenin signaling. We went on to test this hypothesis through depleting the zygotic NF2 in the presumptive neural ectoderm followed by examination of several aspects indicative of the Wnt signaling activity.
Firstly, we co-injected TOPflash reporter with cMO or NF2 MOs into two dorsal animal cells at the 8-cell stage, and monitored the luciferase activities when the resultant embryos reached the early neurula stage (st15). We found through the dual-luciferase activity assay that the TOPflash reporter activity was significantly higher in NF2-depleted neural plate than in cMO-injected neural plate (Fig. 4A) , indicating that the Wnt/β-catenin signaling activity is increased by NF2 depletion. Western blotting analysis using neural plate explant lysates verified that NF2 protein was efficiently depleted by the targeted injection of NF2 MOs (Fig. 4B, panel 1) . Under the same experimental conditions, however we observed that NF2 depletion did not alter the expression levels of insoluble (Fig. 4B, panel 2) or soluble β-catenin (Fig. 4B, panel 3) . Soluble β-catenin in cells at rest is phosphorylated at the residues of S33/S37/ T41 in its N-terminal sequence by the CK1/Gsk3β-containing degradation complex and degraded through proteasomal pathway. In cells stimulated by Wnt signaling, both N-terminally phosphorylated and nonphosphorylated forms of β-catenin are present in the soluble pool (Hernandez et al., 2012; Kim et al., 2013; Li et al., 2012) . We therefore utilized phosphorylation sensitive antibodies to monitor the levels of N-terminally phosphorylated or non-phosphorylated β-catenin in control and NF2 depleted neural plate explant lysates. Interestingly, we found that NF2 depletion decreased the level of the N-terminally phosphorylated β-catenin (Fig. 4B, panel 4) , by contrast, increased the level of the N-terminally non-phosphorylated β-catenin (Fig. 4B, panel 5) . The N-terminally non-phosphorylated β-catenin in the soluble pool is stabilized and translocated into the nucleus in response to Wnt stimulation, we therefore additionally examined whether NF2 depletion increases the levels of nuclear β-catenin in the neural epithelial cells. To this end, we microinjected NF2 MOs together with RLDx as a lineage tracer into one dorsal animal cell at the 8-cell stage and performed indirect immunofluorescence analysis for β-catenin in the neural epithelial cells at stage 15 (Fig. 4C) . We observed that the levels of nuclear β-catenin in the NF2 MOs-injected cells were significantly higher than in the uninjected cells ( Fig. 4D and E) . These data together suggest that NF2 negatively regulates Wnt/β-catenin signaling through restraining the production of transcriptionally active form of β-catenin.
Discussion
In this report, we study NF2 in early X. laevis embryos through loss of function analyses. We find that NF2 is critically required for axial pattern formation during early Xenopus embryogenesis. Depletion of maternal NF2 increases the organizer gene expression and causes dorsanteriorized development, in contrast, depletion of zygotic NF2 compromises dorsanterior development.
A parsimonious explanation for the seemingly contradictory roles of maternal and zygotic NF2 in controlling dorsanterior development is that NF2 negatively regulates the Wnt/β-catenin signaling activity. Supporting this notion, we found that targeted depletion of the zygotic NF2 enhances the nuclear levels of β-catenin in the neural epithelial cells. Consistently, the N-terminally non-phosphorylated β-catenin, which represents the active form of β-catenin in controlling gene expression in response to Wnt stimulation (Hernandez et al., 2012; Kim et al., 2013; Li et al., 2012) , is also increased in the lysates prepared from NF2-depleted neural plate explants. In agreement with these biochemical data, targeted depletion of the zygotic NF2 causes an anterior shift of marker genes that are normally expressed in the posterior central nervous system. Our findings are also consistent with the current model that the anterior development requires the zygotic Wnt/β-catenin signaling to be inhibited (Niehrs, 2010) . Previous studies have identified multiple extracellular Wnt antagonists including Dkk1, Cerberus, and SFRPs secreted from the Spemann organizer essential for the anterior development (Niehrs, 2010) . Our current findings suggest that NF2 functions as an intracellular antagonist of Wnt signaling. As a result of zygotic NF2 depletion, the enhanced zygotic Wnt/β-catenin signaling activity in the neural plate therefore inhibits the anterior development.
While it is currently unknown whether and how the activity of NF2 is regulated during early Xenopus development, the phenotypic effects of maternal NF2 depletion can be explained at least in part by the hypothesis that NF is a negative regulator of Wnt signaling. The maternal Wnt/β-catenin signaling is activated during the early cleavage stages required for the activation of Spemann organizer genes (Blythe et al., 2010; Larabell et al., 1997; Tao et al., 2005; Yang et al., 2002) . We found that depletion of the maternal store of NF2 mRNA in the oocytes markedly increases the expression of Spemann organizer genes downstream of the maternal Wnt/β-catenin signaling. Consistently, we found that depletion of maternal β-catenin diminishes the effects of maternal NF2 depletion on the Wnt target gene expression during organizer formation.
It has been shown in several types of cells that NF2 expression is required for the integrity of cell-cell contacts. Depletion of NF2 seems to reduce the association between β-catenin and cadherin Lallemand et al., 2003; McClatchey et al., 1997; McLaughlin et al., 2007) . It is currently unclear to what extent β-catenin released from the cell-cell contact sites after NF2 depletion contributes to Wnt signaling in controlling gene expression (Bosco et al., 2010; Nelson and Nusse, 2004) . The high abundance of membrane β-catenin in the neural epithelial cells of Xenopus embryos prevented us from assessing whether depletion of NF2 concurrently decreases membrane-associated β-catenin. Recent studies have identified a novel role for NF2 in the nucleus. NF2 in the nucleus has been reported to inhibit the activity of CRL4 DCAF1 E3 ligase complex. It will be interesting to know in future whether NF2 antagonizes Wnt/β-catenin in the nucleus or at the plasma membrane.
Methods and materials
Xenopus oocytes, embryos and antisense oligos
The animals were purchased from Nasco (Wisconsin, USA). Oocytes were manually defolliculated using a pair of sharp forceps and cultured in OCM (oocyte culture medium) supplemented with antibiotics. Antisense DNA oligo (AS4m)-injected oocytes were cultured for two days to allow the degradation of targeting mRNA and its own (Hulstrand et al., 2010) . The sequence of AS4m is 5′ G*A*G*CATGCTGAAACT*T*G*G 3′ (* indicates the thioate modification of phosphodiester bonds). Control and NF2-depleted oocytes were then matured by addition of progesterone (2 μM), stained with vital dyes and fertilized through host transfer (Hulstrand et al., 2010; Olson et al., 2012) . Fertilized eggs were dejellyed with 2% cysteine (pH 8.0) and then thoroughly washed with 0.1 × MMR (Marc's Modified Ringer). mRNA and/or MO injection after fertilization was done through standard procedures and described previously (Ding et al., 2013; Zhang et al., 2014) . The sequences of MO oligos are: Fig. 4 . NF2 depletion increases the Wnt/β-catenin signaling activity. Dual luciferase assay comparing the activities of TOP-flash reporter in cMO-and NF2 MO-injected embryos. cMO or NF2 MOs together dual luciferase reporter DNA were injected into two dorsal animal cells at the 8-cell stage, embryos were lysed at stage 15 for the detection of luciferase activities. (B) Western blotting analysis for NF2, β-catenin in the neural plate explants from cMO-or NF2 MOs-injected embryos. cMO or NF2 MOs were injected into two dorsal animal cells at the 8-cell stage and neural plates were dissected at stage 15 and subjected to western blotting analysis. GAPDH was used a loading control. (C, D) Comparison of the levels of nuclear β-catenin in control and NF2 MO-injected neural plate of Xenopus embryo at stage 15 side by side through indirect immunofluorescence analysis, indicating that the levels of nuclear β-catenin in NF2 depleted cells were higher than those in control cells. Photographs shown in panel C were acquired using a 20× lens. The boxed area in panel C was digitally enlarged 4 times and displayed in panel (D). RLDx was used as a lineage tracer. The nuclei were counter stained with DAPI. (E) Quantitative comparison of the signal intensity of nuclear β-catenin in the neural epithelial cells in the uninjected and NF2 MOs-injected side of neural plate. p-Value was obtained through the student t-test.
X. laevis MO1: 5′-GAAGTGATAGCCTCTGCCA TTTTAC-3′; X. laevis MO2: AC ACTGGATAAATGAAACACCAACT-3′; Control MO: 5′-CCTCTTACCTCAGTTACA ATTTATA-3′.
mRNA synthesis, qPCR and in situ hybridization
The ORF of Xenopus NF2/Merlin was cloned into pCS2 vector and linearized with NotI and transcribed with SP6 polymerase (Ambion) following the manufacturer's instruction. Synthetic mRNA was purified and suspended in nuclear free water (Ambion). DIG-UTP incorporated in situ probes for nf2, Xnr3, gsc and chrd were labeled from their respective full-length cDNA cloned in pCS2 vector using T7 polymerase (Promega). For total RNA isolation, oocytes and/or embryos at the desired stages were lysed with Tris/SDS/NaCl/KCl buffer supplemented with proteinase K (250 μg/ml). Oligo (dT) primer was used for reverse transcription using SuperScript III kit. qPCR was carried out using Roche LightCycler 2.0. Quantitative presentation of the relative expression levels of genes of interest was obtained through procedures described in Ding et al. (2013) and Zhang et al. (2014) . The sequences of primers for qPCR used in this study are: R: 5′-TTCCACTTTTGGGCATTTTC-3′ chrd (Zhang et al., 2014) :
F: 5′-AACTGCCAGGACTGGATGGT-3′ R: 5′-GGCAGGATTTAGAGTTGCTTC-3′.
Western blotting
Western blotting and SDS-PAGE differentiation of proteins were carried out through procedures as described in (Ding et al., 2013) . To detect β-catenin protein from whole cell lysates prepared from neural plate explants, TNE-NP-40 buffer was used to lyse cells. To detect the cytosolic fraction of β-catenin, 0.015% Digitonin containing PBS buffer was used. Antibodies used: anti-β-catenin (soluble and insoluble β-catenin) (Santa Crus sc-7963 1:1000); anti-p33/37/41 β-catenin (CST#9561); anti-non-phosphorylated β-catenin (active β-catenin) (Millipore 05-665); an anti-human NF2 antibody (sc-331) was used to detect the Xenopus NF2 protein.
Indirect immunofluorescence in cells and embryos
Xenopus embryos were fixed with 4% paraformaldehyde overnight at 4°C and permeabilized with PDT buffer. The flat neural plates were then dissected and subjected to indirect immunofluorescence staining following the procedures reported previously (Tao et al., 2007) . β-Catenin antibody (Sigma c2206 1:500) was used as primary antibody. Nuclei were stained with DAPI.
